ABSTRACT In recent years, a mass of duplicated and deleted DNA sequences have been found in human and animal genomes following the prevalence of employing high-throughput sequencing and SNP array. However, few copy number variation (CNV) studies have been performed on egg performance traits of chicken. In this study, 17 loci reported in previous studies were selected for CNV detection in the Xinhua E-strain by using the CNVplex kit, and the detection results showed that locus14 exhibited CNV. Further association analysis indicated the copies of locus14 could be significantly associated with age at first egg (AFE; P < 0.0086) and egg number at 250 d (250EN; P < 0.036). DNA sequence amplification showed the loss of a 260-bp-long fragment in the upstream of locus14, which mainly occurred in normal or copy-gain individuals. The qPCR results showed that subjects with gain of copies could promote the total expression level of the PCDHA gene cluster in the pituitary gland of adult individuals. Additionally, PCR amplification with randomly combined primers revealed a larger number of chicken variable exons than that previously reported, indicating the complexity of the organization of the PCDHA gene cluster. Those variable exons are divergent in their distribution among the populations of Xinhua E-strain, Chahua, Tibetan, and Tulufan Game Chicken, and most individuals only possess part of variable exons. Overall, the copies of locus14 reflect the variable exon dosage effects on the total expression level of the PCDHA gene cluster, which may regulate the layer egg production by affecting the development of the neural system.
INTRODUCTION
Egg performance, including egg production, egg quality, etc., has always been a focus of attention in layer breeding. The main target of breeders is to improve these traits genetically to meet multiple market demands. In the past decades, plentiful SNPs have been identified by association studies with egg performance traits. However, due to their less-than-optimal performance validated in other populations or breeds, the application of those single nucleotide polymorphisms (SNPs) is still challenging in chicken breeding program (Hirschhorn et al., 2002) . Recently, the genome-wide association studies with SNP chips are extensively used to associate SNPs with these traits, and the issue of missing heritability has also been reported. In fact, copy number variation (CNV), as another important source of genetic variation complementary to SNP, has been shown to be important in both normal phenotypic variability and disease susceptibility (Manolio et al., 2009; Xu et al., 2014 Copy number variation is defined as duplication or deletion of genomic segments in the size range from approximately 50 bp to several Mbs. Several studies have reported that CNVs mediate phenotypic changes by altering the expression levels of the major genes. In chickens, CNV-mediated phenotypic changes include late feathering (Elferink et al., 2008) , comb shapes (Wright et al., 2009; Imsland et al., 2012; Dorshorst et al., 2015) , dark brown plumage color (Gunnarsson et al., 2011) , and dermal hyperpigmentation (Dorshorst et al., 2011) . However, CNV studies on egg performance traits of chicken are rarely reported.
With advances in the application of high-throughput sequencing and high-density SNP array, to date, many chicken genome CNV maps (Wang et al., 2010 Crooijmans et al., 2013; Luo et al., 2013 Tian et al., 2013 Jia et al., 2013; Abernathy et al., 2014; Yi et al., 2014; Zhang et al., 2014; Rao et al., 2016) have already been constructed and can be utilized for further studies of interested CNVs. In this study, we found a CNV in one region within the clustered protocadherin-α genes (PCDHA).
The PCDHA gene cluster belongs to the Pcdh families, which constitute the largest subgroup within the cadherin superfamily. The PCDHA gene cluster 3435 contains multiple alternative variable exons, which encode full ectodomains including 6 extracellular cadherin (EC) domains, a single transmembrane region, and a short cytoplasmic extension. In addition, it also contains 3 constant exons that encode cluster-specific intracellular domains. In mice, each transcript of the PCDHA gene cluster is derived from the sequences of 1 variable exon spliced to 3 constant exons (Wu et al., 2001) . However, the organization of the chicken PCDHA gene cluster is still unclear. It has been reported that the chicken PCDHA gene cluster has 14 variable exons and 3 constant exons. Those variable exons were highly paralogously (91.4% nucleic acid and 92.4% amino acid) conserved with respect to each other except for 2 exons near the end of the gene cluster (Sugino et al., 2004) . Studies have also shown that the PCDHA gene cluster is required for neuronal survival, synapse formation, axonal targeting, dendritic arborization, and the self-avoidance of dendrites (Lefebvre et al., 2012; Suo et al., 2012; Toyoda et al., 2014; Keeler et al., 2015) . Knockouts of the PCDHA gene cluster in mouse revealed neuronal wiring defects in olfactory and serotonergic neurons (Hasegawa et al., 2008 (Hasegawa et al., , 2012 Katori et al., 2009) .
For a better understanding of whether CNVs can be utilized to improve egg performance traits in layer breeding program, we chose loci according to published chicken CNV maps for copy number detection and association analysis in the Xinhua E-strain population. Furthermore, in an effort to explain how the CNVs work, we also explored the organization of the genomic structure in which the CNVs are mediated.
MATERIALS AND METHODS

Animals and Data Collection
Blood samples of hens were collected from 26 half-sib families in the Xinhua E-strain for association analysis, and the tissues of their descendants were used for real-time quantitative PCR (qPCR). Xinhua Chicken is a 3-way cross line with a dual purpose (egg and meat) and the E-strain is the terminal sire line, which was derived from the offspring of the cross between local Jianhan and yellow dawf chicken due to production of more eggs and meat. Our study was based on the population of the third generation. All hens were reared in individual cages under the standard management conditions and ad libitum access to water and commercial corn soybean as recommended by National Research Council requirements. The egg production traits, including age at first egg (AFE), egg number at 250 days (250EN), and largest clutch size (LCS), were daily recorded for each layer. Besides, egg quality traits, such as egg shape index(ESI), egg specific gravity(ESG), egg weight (EW), eggshell weight (ESW), yolk weight (YW), eggshell thickness (EST), eggshell strength (ESS), albumen height (AH), albumen weight (AW), and Haugh unit (HU), were also considered. Three eggs were collected from 3 consecutive days at the 40th week and were measured with conventional methods. The recorded variables were tested for normal distribution, and values extremely deviating from normal distribution were removed. In addition, the Tibetan, Chahua, and Tulufan Game Chicken blood samples that had been collected from Tibet, Yunnan, and Xinjiang of China, respectively, were stored in our laboratory available for scientific research.
Isolation of Genomic DNA and Total RNA
For each layer, about 500 μL of blood was collected from the wing vein at 300 d of age, and DNA was extracted using a standard phenol-chloroform method. In order to identify the expression pattern of the PCDHA gene cluster in chicken tissues, heart, liver, spleen, lung, kidney, oviduct, ovary, pituitary gland, and brain were obtained from 3 adult individuals and stored in an RNA locker (TIANDZ, China), total RNA was isolated according to the manufacturer's recommended procedure by using TRIzol Reagent (Invitrogen, Carlsbad, CA). RNA density and purity were evaluated by spectrophotometer ND-2000 (Nano-Drop) instrument, and also estimated by 1% agarose gel electrophoresis.
Reverse Transcription and Primer Design
Total RNA was reverse-transcribed into cDNA using a PrimeScript RT Reagent Kit with genomic DNA Eraser (Takara, Shiga, Japan) following the manufacturer's instructions. Briefly, 1 μg of total RNA was mixed with 1.0 μL of gDNA Eraser and 2 μL of 5× gDNA Eraser buffer, and held at 42
• C for 2 min to eliminate the Genome DNA. Next, the reverse transcription was conducted by adding 1μL of primescript RT Enzyme mix 1, 4 μL of 5× primescript buffer 2, 1 μL of RT primer mix, and 4 μL of Rnase-free water to the mixture, with the temperature held at 37
• C for 15 min, then at 85
• C for 5 s, and finally at 4 • C. All cDNA products were stored at -20
• C. All primers were designed by the Primer 5.0 software.
Locus Selection
Loci were selected based on Chicken QTLdb (https: //www.animalgenome.org/cgi-bin/QTLdb/GG/index) and published chicken CNV maps. With a focus on regions reported within copy number variation regions (CNVRs) and encompassed by chicken egg performance-related quantitative trait loci (QTLs), specific probes were designed to detect their copies in the Xinhua E-strain population. A total of 17 loci were selected with their information presented in Additional file 1: Table S1 .
CNVplex Technology for CNV Detection
CNVplex Kit (Genesky Biotechnologies Inc., Shanghai, China), modified from multiplex ligation-dependent probe amplification, introduces a lengthening ligation system and 4 universal primer sets. The experimental principle and workflow of this technique was conducted as previously published (Zhang et al., 2015) . Briefly, 4 types of 5 universal primers labeled with different fluorophores and 2 types of 3 universal primers were designed respectively specific to the conventional 3 probe and lengthening ligation probe to amplify the ligated products. For CNV detection, 17 target-specific probes were designed against 16 autosomes loci and 1 sex-linked locus. Additionally, 16 reference probes were synthesized specific to 4 reference genes including VIM, PCCA, SOX5, and PRLR, which have been reported to have a stable copy number. The sizes of the PCR fragments and target loci sequences are shown in Additional file 2: Table S2 .
The final concentrations were adjusted to 30 to 50 ng/μL for all the genomic DNA samples. Briefly, 4 μL from each DNA sample was mixed with 2.5 μL of 4x DNA lysis buffer in a tube, denatured for 5 min at 98
• C, and then placed on ice immediately. Hybridization and ligation reaction (4 cycles of 94
• C for 1 min and 60
• C for 4 h, 1 cycle of 94 • C for 2 min and hold at 70
• C) were performed by adding 1 μL of probe mix and 9 μL of ligation mix (7.5 μL water, 2 μL 10 × ligation buffer, and 0.5 μL Taq DNA ligase). Finally, 20 μL of EDTA (20 mM) was added to inactivate the enzyme at the end of hybridization and ligation.
The PCR system consisted of 20 μL of each sample which contained 10 μL of 2 × PCR Master Mix, 1 μL of primer mix, 8 μL of ddH 2 O, and 1 μL of ligation product. The PCR procedure was as follows: 95
• C for 2 min; 30 cycles of 94
• C for 20 s, 57
• C for 40 s, and 72
• C for 1.5 min; 1 cycle of 60
• C for 1 h and hold at 4
• C. The PCR products were diluted 20-fold and denatured for 5 min at 95
• C before capillary electrophoresis analysis. All the raw data were analyzed by GeneMapper 4.1 (Applied Biosystems) and were shown in Additional file 3: Table S3 .
Resources of Genomic Sequences of PCDHA Gene Cluster
Two genomic sequences of the chicken PCDHA gene cluster were obtained separately from NCBI Reference Sequence (Gallus˙gallus-4.0 assembly; NC 0,06100.3) and GenBank (Accession No.AY519500). However, the 2 genomic sequences are not concordant with each other, with locus14 missing in the sequence of the PCDHA gene cluster from the GenBank. In our study, the genomic sequences of the last 2 variable exons were not considered due to their low sequence similarities to those of the other variable exons. PCR amplification was also conducted to prove that many regions within the PCDHA gene cluster were not accurately assembled from the Gallus gallus-5.0 assembly.
PCR Amplification
PCR amplification was performed to amplify the complete variable exon by using the PrimeSTAR polymerase (Takara). Primers were designed specific to the 9 upstream and 9 downstream sequences of the known variable exons, and the primer information for amplification of variable exons was presented in Additional file 4: Table S4 . The reaction conditions were as follows: 30 cycles of 98
• C for 10 s, 60
• C for 10 s, and 72
• C for 5 min. LA taq polymerase (Takara) was used to amplify the DNA sequences adjacent to locus14 using the following primer sequences: Exu 1F: 5 -AGCG ACCTGATGGTGTTCAG-3 and In 1R: 5 -CCTTT CCACTGGCACAAACT-3 ; Exu 2F: 5 -GACTGTCA GTGCCCCTGATT-3 and In 2R: 5 -GCGCGTTGT CGTTCACGT-3 . The reaction conditions were as follows: 1 cycle of 94
• C for 1 min, 30 cycles of 98 • C for 10 s, 68
• C for 1 kb/min, and 1 cycle of 72 • C for 10 min.
Real-Time Quantitative PCR
The copies of locus14 were measured by qPCR on a Bio-Rad CFX384 system (Bio-Rad, Hercules, CA) using SuperReal PreMix (SYBR Green) (TIANGEN, Biotech, Beijing, China). Briefly, 2 primer pairs were designed based on the genomic sequence of locus14 and PCCA gene using the following primer sequences: locus14: forward 5 -AATTCCCTTCCTTAACTGT-3 and reverse 5 -AGTGCCAGGCTAACTTTCT-3 ; PC CA: forward 5 -CAGACACACAGAGCCCATCTCT-3 and reverse 5 -TGGAGCAGTGGTGGCTGTT-3 . A total of 36 DNA samples were randomly selected from Xinhua chicken population for validation of locus14 copies. The quantitative primer amplification efficiency (E) was calculated according to standard plasmid amplification curves. The locus14 copies were estimated by using the following formula:
Relative copy numbers of target region(A) = 2
Ct value of A
(1 + E quantitative primer for control ) Ct value of control (1) Because qPCR results depend to some extent on the primer amplification efficiency, 3 2-copy samples were used in the qPCR test as controls to adjust the qPCR results to a comparable level with the CNVplex results. The total transcripts of the PCDHA gene cluster were measured by qPCR on a Bio-Rad CFX96 system (Bio-Rad) using SuperReal PreMix (SYBR Green) (TIANGEN, Biotech). Primer pairs were designed specific to the sequence of the constant exons using the following primer sequences: constant exon: forward 5 -AAGGTGGTCCTGGTGAGTT-3 and reverse 5 -TCTTGCCAAAGGTTATGAA-3 ; GAPDH: forward 5 -GAGGGTAGTGAAGGCTGTATC-3 and reverse 5 -CACAACACGGTTGCTGTATC-3 . Each sample was assayed in triplicate, and chicken GAPDH was used as control. Fold-change values were calculated using the comparative 2−ΔΔ Ct method (ΔΔ Ct = Δ Ct target sample−Δ Ct control sample).
Construction of Phylogenetic Tree and Generation of Sequence Conservation Logos
The DNA sequences of 21 variable exons were aligned by using the MEGA 5.0 software. The phylogenetic trees were obtained by neighbor-joining analysis of the sequences (1000 bootstrap), and sequence logos were generated using Weblogo3 (http://weblogo.threeplusone. com/create.cgi).
Statistical Analysis
Association analysis between the CNV types of locus14 and egg performance traits was performed using the mixed linear model in SAS software (SAS Institute Inc., Cary, NC). The mode was
where E ijk is the individual observation for a trait, μ is the overall population mean, CNV i is the fixed effect of ith CNV type, S j is the fixed effect of jth sire, D(S) jk is the fixed effect of kth dam mating with jth sire, ε ijkl is the random error effect. Type III sum of squares was used in each test. Values were considered significant at P < 0.05 and presented as least square means ± standard errors. Statistical analysis of the qPCR results was performed by using the Student's t test.
RESULTS
Performance of CNVplex Kit used for CNV Detection at 17 Candidate Loci
Based on previously published chicken CNV maps, a total of 17 loci were selected for CNV analysis in the Xinhua E-strain. As shown in Figure 1 , only locus14, which is located in the intron of the PCDHA gene cluster, exhibited a dispersed copy number distribution, and according to the histogram (Figure 2) , the distribution of the copies of locus14 presented clearly distinguishable clusters, with peak centered on the integer values. The CNVplex results were also validated by quantitative real-time PCR (Additional File 5: Figure S1 ), and most values from the 2 detection methods were consistent with each other, indicating that the CNVplex results were reliable and could be used for further association study. 
Association of Locus14 Copies with Egg Performance Traits in Xinhua E-strain
Locus14 copies were genotyped into 3 types: loss (copies < 1.5), normal (1.5 < copies < 2.5), and gain (copies > 2.5). The association analysis results were presented in Table 1 . It can be seen that locus14 copies were significantly associated with AFE (P < 0.0084) and 250 EN (P < 0.033). The hens with gain of copies had obviously more 250 EN than those with loss of copies. Likewise, hens with gain of copies also showed a remarkably earlier AFE than those with loss of copies. However, no egg quality traits were found associated with locus14 copies.
Genomic Sequence Adjacent to Locus14 for Structure Variation Screening
In this study, the genomic sequence between 2 variable exons that laid on both sides of locus14 was amplified for genomic structure variation screening. Unexpectedly, 2 bands were present in several individuals by using Exu˙1F and In 1R primer pairs (Figure 3a) . The sequencing results revealed that the shorter band lost a length of 260 bp compared with the longer band (Figure 3b) . Furthermore, according to the bands genotyped in the individuals of the Xinhua E-strain (data not shown), the shorter band always appeared together with the longer band, whereas the latter could emerge alone, indicating that the shorter fragment may be derived from the duplication of the longer one. However, one band exhibited the same size when those subjects were amplified with In2F and Exu 2R primer pairs (Figure 3a) , and SNPs were identified to be abundant in the variable exon downstream of locus14 by sequencing the PCR product of 3-copy samples (Figure 3c ), but no evidence proved the occurrence of structural variation there.
Effect of Locus14 Copies on Total Expression of PCDHA Gene Cluster
The relationship between locus14 copies and the total expression level of the PCDHA gene cluster in various tissues was further investigated by qPCR. As presented in Figure 4a , the total expression level was extremely low in ovary and oviduct, but high in brain and pituitary gland. Then, we extended the expression analysis in the pituitary glands from hens with different locus14 copies. From Figure 4b , it can be seen that subjects with gain of copies had higher total expression level than those with loss of copies (P = 0.042).
There are Likely More Variable Exons on PCDHA Gene Cluster
The upstream and downstream DNA sequences (UN, DN) of the known exons, shown in Figure 5 , were used to design the exon primers for amplification of complete variable exons. A total of 20 variable exons were successfully amplified. Among them, exons V2 to V12 could be retrieved from GenBank: AY519500, V gg4 as well as V gg5 13 and V gg5 16 could be retrieved respectively from Gallus gallus-4.0 and 5.0 assembly, and the remaining 6 exons including V novel -14, V novel -15, V novel -17, V novel -18, V novel -19, and V novel -21 were discovered for the first time in this study. Besides, as shown in Table 2 , several variable exons had similar upstream or downstream sequences, implying the occurrence of a series of recombination events in those regions. D1 and U3 represent the upstream and downstream sequences of locus14, suggesting that those 4 exons (V novel -13, V novel -18, V novel -19, and V novel -20) may map to different copy types of locus14.
Variable Exons of PCDHA Gene Cluster are Divergent in Chicken Population
Agarose electrophoresis showed that the 20 variable exons varied in their distribution among the 22 individuals of the Xinhua E-strain (Figure 6b ). In addition, they were also found divergent in their distribution in the Tibetan, Chahua, and Tulufan Game Chicken populations. This result indicated that most individuals 
Figure 6. PCR amplification and phylogenetic tree construction of the PCDHA gene cluster. Phylogenetic tree of the variable exons was constructed based on the amino acid sequences (a). The percentages on the labeled branches were calculated from 1000 bootstrap replicates. PCR amplification of the 20 variable exons was conducted in 22 Xinhua E-strain individuals (b). However, Exon V1 could not be amplified because its upstream sequence is unknown. possessed only part of variable exons. In Table 3 , it can be seen that several variable exons varied distinctly in their distribution among the 4 breeds. For instance, exon V5 was observed in the Xinhua E-strain with a frequency of 72.7%, highest in the 4 breeds, whereas exon V9 was found in the Tulufan Game Chicken population with a frequency of only 13.6%, the lowest of the 4 breeds. The phylogenetic tree revealed that duplication and divergence occurred in those variable exons during the evolution of the PCDHA gene cluster (Figure 6a ).
Genomic Divergence of those Variable Exons is Mainly Distributed in 3 Regions
The protein sequence translated from a variable exon is predicted to contain 6 EC repeats. To help identify the molecular regions important to establishing specificities among different paralogous duplication sequences, we produced partial amino acid sequence logos from multiple sequence alignments of those 21 protein isoforms. In the sequence logos, the height of each amino acid code indicates the relative frequency of that Figure 7 . Partial amino acid sequence logos of the variable isoforms. A total of 21 variable isoforms were used for amino acid multiple sequence alignment and WebLogo3 analysis. The overall height of the stack indicates the sequence conservation at that position, whereas the height of symbols within the stack indicates the relative frequency of each amino at that position. Red boxes represent divergence regions.
amino acid at that position in the multiple sequence alignment, and the height of each letter stack represents the conservation level at that position. As shown by the red lines in Figure 7 , the mutants in those protein isoforms are mainly concentrated in the upstream of EC2, within EC2 and over EC3, and the 3 regions are likely to play a role in binding specificity.
DISCUSSION
Although many CNV regions are identified in different species by CNV studies, there have been few research attempts to associate CNVs with quantitative traits. In this study, we selected 17 loci of interest based on published chicken CNV maps and measured their copies in the Xinhua E-strain population by using the CNVplex kit. Unexpectedly, the CNVplex results showed that only locus14 exhibited CNV. This result can be attributed to the following reasons. Firstly, due to the limitation of relatively low resolution of SNP chip or low sequencing depths of the next generation sequencing, the boundary of those reported CNVs was ambiguous and could not be captured by our designed probes. Secondly, the distribution of CNVs in the animal genome has the characteristics of individual and breed specificity. Finally, the Xinhua E-strain is a highly selective breeding population, and many CNVs have been eliminated intentionally or accidentally after several generations of artificial selection.
The detection results revealed the CNV of locus14 located in the intron of the PCDHA gene cluster. Studies have shown that structure variation within the human PCDHA gene cluster may affect music perception (Ukkola-Vuoti et al., 2013) and be responsible for severe brain developmental delay and distinctive facial features (Shimojima et al., 2011) . In chicken, locus14 in QTLdb is encompassed within a QTL which is associated with AFE (Podisi et al., 2011) . Consistently, our association analysis with a mixed linear model also indicated the copies might be significantly associated with AFE (P < 0.0086) and 250EN (P < 0.036).
Compared to those with loss of copies, the hens with gain of copies had a remarkably earlier AFE and an obviously higher total egg yield within 250 EN. Besides, previous studies have reported that the mRNAs of the PCDHA gene cluster were highly expressed in the hypothalamus and pituitary gland of red feather Taiwan local chickens which are known for high egg production (Chen et al., 2007) , and the total expression levels were well correlated to the number of eggs up to 50 wk of age (P < 0.05) or laying rate after first egg (P < 0.05) (Chen et al., 2007) . Together, our results suggest a new candidate gene cluster for egg production traits and provide a statistical basis for further exploitation of its potential in layer breeding program.
The variable exons of the PCDHA gene cluster are stochastically and monoallelically expressed in individual neurons (Kaneko et al., 2006; Kaneko et al., 2015) . In the present study, we found that more copies of locus14 contributed to the total expression level of the PCDHA gene cluster in the pituitary gland. The copies may reflect the occurrence of recombination events in that region, along with the gain of novel variable exons or the loss of original variable exons. We speculate that the dosage effects of more variable exons resulted in a higher total expression level, facilitating a better development of the neural system. It is well known that the hypothalamic-pituitary-gonadal axis plays a central role in maintaining layer egg production. Masses of neurons distributed in hypothalamus and neurohypophysis regulate the production and release of neuropeptides, such as gonadotropin-releasing hormone (GnRH), gonadotropin-inhibitory hormone (GnIH), and prolactin (PRL) (Bedecarrats et al., 2016; Tsutsui and Ubuka, 2016) . These neuropeptides can not only mediate the reproduction and reproductive behavior, but also regulate social behaviors like courtship, mating, and aggression by modulating the hypothalamic-pituitary-gonadal axis (Parhar et al., 2016) . However, due to the high similarity in most variable exons, it is still a tough challenge to distinguish them from each other, and which exon works in this process remains to be elucidated.
Human genetic studies revealed that the PCDHA gene cluster is implicated in neuropsychiatric disorders, such as schizophrenia (Ripke et al., 2013) and autism (Anitha et al., 2013) . In this study, to investigate the distribution of the variable exons of the PCDHA gene cluster in chickens, we selected the 4 chicken breeds with different neural behaviors. The Xinhua E-strain is very docile, the Tulufan Game Chicken is more aggressive, and the Tibetan Chicken is a bit neurotic, whereas the Chahua Chicken which was domesticated directly from Red Jungle Fowl shows no special characteristics in neural behaviors. Primers were designed specific to the upstream and downstream sequences of those known variable exons and randomly combined for PCR amplification, and a total of 20 variable exons were successfully amplified. Most individuals were found to possess only partial variable exons in the 4 breeds. We speculate that this result can be attributed to evolution from natural selection pressure, i.e., chicken with more variable exons may have better adaptation to environmental changes. We also found some variable exons, such as V5 and V9, extremely distributed in the 4 breeds. However, more evidence is needed to prove the relationship between those exons and neural behaviors.
The amino acid sequence of the chicken variable exon was predicted to contain 6 EC repeats which are thought to mediate the cell-cell contact when bound to calcium. The crystal structure for the extracellular regions from the mouse PCDHA4/7 isoforms revealed a canonical head-to-tail interaction mode for homophilic trans dimers comprising primary intermolecular EC1: EC4 and EC2: EC3 interactions (Goodman et al., 2016) . In chickens, the genomic divergence of those variable exons is mainly involved in the 3 regions translating to the corresponding amino acids, which are located in the upstream of EC2, within EC2 and over EC3 domain, determining the engagement in specific homophilic interaction of neuron surfaces.
In conclusion, we report that a CNV within the PCDHA gene cluster is associated with AFE and 250 EN in the Xinhua E-strain population, which has laid the basis for further exploitation of its function in layer breeding program. Besides, a larger number of variable exons were identified divergently distributing in chickens with different types of neural behaviors. The copies of locus14 reflect the dosage effects of variable exons in regulating layer egg production by affecting the development of the neural system. The genomic divergence of those variable exons indicates that the progress of the PCDHA gene cluster formation has undergone a series of repeated recombination events, leading to abundant genetic diversity essential for the interaction specificity of cell surface.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 . Information of 17 selected CNVRs (loci) and their corresponding specific probes. The coordinate of CNVR and their corresponding probe was referred to Gallus˙gallus-4.0 assembly. Supplemental Table S2 . PCR fragment sizes and sequences of target loci in CNVplex. Supplemental Table S3 . Raw data of 17 loci copy number measurements in the Xinhua E-strain. Supplemental Table S4 . Exon primers used for amplification of variable exons. Supplemental Figure S1 . Comparison of locus14 qPCR and CNVplex measurements. Six samples were chosen from each cluster (C0-C5) for qPCR assay to validate the CNVplex measurements. In addition, 3 samples with 2 copies of locus14 were used as controls for calibrating the qPCR measurements to a comparable level with CNVplex measurements.
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